3-Furaldehyde (3FA) was isolated in an argon matrix at 12 K and studied using FTIR spectroscopy and quantum chemistry. The molecule has two conformers, with trans and cis orientation of the OdCsCdC dihedral angle. At the B3LYP/6-311++G(d,p) level of theory, the trans form was computed to be ca. 4 kJ mol -1 more stable than the cis form. The relative stability of the two conformers was explained using the natural bond orbital (NBO) method. In fair agreement with their calculated relative energies and the high barrier of rotamerization (ca. 34 kJ mol -1 from trans to cis), the trans and cis conformers were trapped in an argon matrix from the compound room temperature gas phase in proportion ∼7:1. The experimentally observed vibrational signatures of the two forms are in a good agreement with the theoretically calculated spectra. Broad-band UV-irradiation (λ > 234 nm) of the matrix-isolated compound resulted in partial trans f cis isomerization, which ended at a photostationary state with the trans/cis ratio being ca. 1.85:1. This result was interpreted based on results of time-dependent DFT calculations. Irradiation at higher energies (λ > 200 nm) led to decarbonylation of the compound, yielding furan, cyclopropene-3-carbaldehyde, and two C 3 H 4 isomers: cyclopropene and propadiene.
Introduction
Furans are five-membered aromatic heterocyclic rings formed by one oxygen and four carbon atoms. These organic compounds play important roles in the pharmaceutical and chemical industries. Volatile furans, like methylfurans and furaldehydes, are important atmospheric pollutants resulting from biomass burning and are produced, for example, as a result of forest fires.
1,2 A wide range of furan derivatives has been found to be hazardous to both animals and human beings, with the polychlorinated furans being among the most toxic volatile substances known.
3-5 The presence of potentially toxic compounds (such as reactive aldehydes) in foods has been attracting increasing attention ever since consumer protection and quality control gained importance. For example, furanic aldehydes were reported to be present in honey 6 and popped popcorn. 3-Furaldehyde (3FA) is among the furan pollutants found in atmosphere, and the investigation of its structure and chemical reactivity may contribute to assess the atmospheric reactivity of such compounds and to elucidate their final fates in the atmosphere. 8 The study of the possible photodegradation processes of the compound, under well-controlled laboratorial conditions, appears particularly relevant to attain such goals.
The first synthetic procedure to obtain 3FA was reported as early as in 1932. 9 3FA, as well as its structural isomer 2-furaldehyde (2FA; also known as furfural), have been the subject of many experimental and theoretical studies in the 1970s and 1980s. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 3FA and 2FA have been found to exist in the gas phase, nematic and isotropic solutions, and neat liquid state, as a mixture of two planar conformers differing by rotation of the aldehyde group around the exocyclic C-C bond (cis and trans with respect to the ring oxygen atom; see Scheme 1). [21] [22] [23] [24] [25] [26] [27] [28] For 2FA, the trans conformer was found to be the lowest energy form, with gas phase reported values for ∆E (cis-trans) ranging from 3.10 to 8.79 kJ mol -1 , [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] which implies a minimum expected population of the conformational ground state of 2FA at room temperature (RT) of ca. 80%.
For 3FA, similarly to 2FA, all the reports indicate that the trans structure (regarding the CdCsCdO dihedral angle) is the most stable conformer. On the basis of the study of the microwave spectrum, Marstokk and Møllendal showed that the trans conformer of 3FA is at least 5 kJ mol -1 more stable than any other rotameric form of this molecule, 29 that is, should contribute to the equilibrium population at RT with at least 88%. Liégeois et al. studied the rotational isomerism in 3FA through dipole moment thermal variation and found that about 70% of 3FA exist in the trans form. 30 Benassi et al. undertook a conformational analysis in formyl derivatives of furan via measurements of the long-range 13 C 1 H spin-spin coupling constants. 15 They found that for the 3-formyl derivatives (including 3FA) the conformational equilibrium was significantly dependent on solvent polarity, with the amount of trans form, prevailing in the equilibrium mixture, increasing with solvent polarity. They reported that the minor 3FA cis conformer population depends on the polarity of the solvent ranging from 6% in nonpolar solvents (e.g., cyclohexane), down to 3% in chloroform and, further, to 0% in DMSO. The thermodynamic aspects of these equilibria were discussed and, by employing classical reaction-field theory, it was tentatively shown that the increase of the less polar trans form of 3FA in polar media should be due to the fact that quadrupolar contributions prevail over dipolar effects. 15 Lunazzi et al. studied conformations of 3FA by dynamic NMR and predicted that the proportion of the minor conformer should be about 11% at RT. 31 The preferential conformations of 3FA were also determined by use of simulated lanthanide induced shifts. 32 The ratio of the two rotamers was found to be similar as obtained by other NMR methods, and the trans conformation of the aldehyde group was found to dominate.
Vibrational spectra of 3FA were studied mainly in condensed phases in the region of the carbonyl stretching vibration. 14, 17, 29 These studies have also indicated the existence of two planar conformers differing by internal rotation of the aldehyde group. The experimental observation of these two conformers has been reported by Volka et al., 17 through the analysis of the aldehyde C-H and CdO stretching regions of the infrared spectra of the compound and some of its isotopomers in the gas phase and in CCl 4 solution.
To the best of our knowledge, no data have been reported hitherto on the full mid-infrared experimental spectra of 3FA, nor about the photochemistry of neat 3FA. In the present investigation, 3FA was isolated in cryogenic (12 K) inert matrices, and its structure, spectroscopic properties and photochemical behavior were studied using infrared spectroscopy, supported by high level quantum chemical calculations.
Experimental and Computational Methods

Matrix Isolation FTIR and Photochemical Experiments.
A commercial sample of 3-furaldehyde (Aldrich, 98%) was placed in a Knudsen cell 33 connected to the vacuum chamber of the cryostat. Room-temperature vapor of the compound was deposited, together with a large excess of argon (N60, Air Liquide), onto the optical CsI substrate of the cryostat, cooled to 12 K by an APD Cryogenics DE-202A closed-cycle refrigerator system. Before cooling down the cryostat, the vapors over the compound in the Knudsen cell were pumped out several times, in order to remove possible traces of volatile impurities from the sample.
Infrared spectra were collected with 0.5 cm -1 resolution using a Nicolet 6700 FTIR spectrometer, equipped with a DTGS detector and a KBr beam splitter. The instrument was purged by a stream of dry air to remove water and CO 2 vapors. The matrices were irradiated using different cutoff filters (transmitting light with λ > 375, 337, 283, 234 nm) or directly through the outer quartz window of the cryostat (transmitting light with λ > 200 nm) using a 300 W output power of the 500 W Hg(Xe) arc lamp (Oriel, Newport). To prevent overheating of the matrix, the arc lamp was equipped with 8 cm water filter in all irradiations.
Theoretical Calculations. All quantum chemical calculations were performed with Gaussian 03 (revision C.02). 34 The equilibrium geometries for all studied species were fully optimized at the DFT level of theory with the standard 6-311++G(d,p) basis set. 35, 36 The DFT calculations were carried out with the three-parameter density functional (B3LYP), which includes Becke's gradient exchange correction, 37 and the Lee, Young, and Parr correlation functional. 38 The geometry optimizations were followed by infrared (IR) spectra calculations, which also allowed characterization of the nature of the stationary point through inspection of the corresponding Hessian matrix. Energies of the low-energy excited states were calculated using the time-dependent density functional theory (TD-DFT) 39, 40 at the B3LYP/6-311++G(d,p) level. Natural bond orbital (NBO) analysis was performed according to Weinhold and co-workers, 41, 42 using NBO 3 as implemented in Gaussian 03.
The theoretical normal modes were analyzed by carrying out the potential energy distribution (PED) calculations. Transformations of the theoretical B3LYP/6-311++G(d,p) force constants calculated with respect to the Cartesian coordinates to the force constants with respect to the molecule fixed internal coordinates allowed the PED analysis to be carried out as described by Schachtschneider and Mortimer. 43 The internal symmetry coordinates used in this analysis were defined as recommended by Pulay et al. 44 
Results and Discussion
Geometries and Relative Stability of 3FA Conformers. Scheme 1 shows the geometries of the trans and cis conformers of 3FA, together with the adopted atom numbering. Both conformers have a planar geometry (C s point group). The calculated optimized bond lengths and angles for the two conformers are provided in Table S1 (Supporting Information).
According to the calculations, the trans conformer is more stable than the cis form by 4.40 kJ mol -1 (4.03 kJ mol -1 , if zero point vibrational energy correction is taken into account). The calculated difference in free energy between the conformers at RT (298.15 K) is 3.83 kJ mol -1 , thus leading to an expected trans/cis gas phase equilibrium population ratio at RT of ∼4.6: 1 (82% trans, 18% cis).
The calculated energy barrier for trans f cis isomerization in 3FA, by internal rotation of the aldehyde group about the exocyclic C3-C6 bond (Figure 1) 16, 31 The relative energy of the two conformers of 3FA as well as the barrier to conformational isomerization can be also compared with those reported for similar molecules. For instance, in 2-furaldehyde (2FA) calculations performed by Ashish and Ramasami 21 at the same level of theory as those reported in the present study yield ∆E (cis-trans) ) 3.10 kJ mol -1 and ∆E (transfcis) ) 51.7 kJ mol -1 . The higher barrier found in 2FA compared to 3FA indicates a higher degree of double bound character in the C-C exocyclic linkage for the first compound. In agreement with this interpretation, the exocyclic C-C bond length was found to be significantly shorter in 2FA (1.455 Å in both trans and cis conformers) 21 compared to 3FA (trans: 1.462 Å; cis: 1.465 Å; see Table S1 in the Supporting Information). In the analogues of 2FA having the aldehyde oxygen atom replaced by a sulfur or a selenium atom, ∆E (cis-trans) and ∆E (transfcis) were calculated at the same level of theory as being 2.96 and 60.7 kJ mol -1 (for the S-substituted compound) and 2.76 and 63.9 kJ mol -1 (Se). 21 The increase in the isomerization barrier along the series O, S, Se indicates that, besides π-system conjugative effects, other factors such as hyperconjugation, dispersive forces, and electrostatic interactions must also influence the energy barrier. On the other hand, the reduction in ∆E (cis-trans) along the series O, S, Se can be correlated with the progressive lack of importance along this series of the repulsive interaction between the nearly parallel bond-dipoles associated with the C)X (X ) O, S, Se) bond and the closest located endocyclic C-O bond in the cis conformer. Very interestingly, introduction of substituents in the furan ring of 2FA does not influence much the ∆E (cis-trans) and ∆E (transfcis) values, except when performed in the ortho position to the aldehyde group, 22 revealing the importance of the vicinal interactions in this type of molecules.
Simple examination of the structures of the two conformers of 3FA allows to conclude that steric interactions in both forms have to be practically identical. The aldehyde group in 3FA has a negative inductive effect, withdrawing electronic charge from the aromatic ring through the σ-system, and, what is more important, a negative mesomeric effect withdrawing electronic charge from the aromatic ring through the π-system. According to the resonance structures shown in Figure 2 , one can then expect that the charge on C2 is considerably more positive than on C4. This effect can then be expected to strongly reduce the polarity of the C2-H9 comparatively to that of the C4-H10 bond. Such difference in the polarity of these bonds is, as described below, the key property leading to the greater stability of the trans conformer compared to the cis form.
In order to evaluate the reasons for the greater stability of the trans conformer in 3FA, compared to the cis conformer, a detailed analysis of the electronic structure of the two forms was carried out by examining the orbital interactions in the two conformers, with help of the natural bond orbital (NBO) method.
The NBO charges for the two conformers are shown in Table  1 . The general trends regarding the charges on atoms in both conformers are identical. As anticipated, the C4-H10 bond is considerably polarized in both conformers, whereas the C2-H9 bond is practically nonpolarized. For example in the trans conformer, the charges on C4 and H10 are -0.264 and +0.241 e, whereas those on C2 and H9 are +0.191 and +0.203 e. The interaction between the dipoles associated with the highly polarized CdO bond of the aldehyde substituent (charges on C6 and O7 are, in both conformers, of ca. +0.41 and -0.53 e, respectively) and the C4-H10 bond is then the main stabilizing interaction justifying the lower energy of the trans compared to the cis conformer. In the latter conformer, the CdO bond is facing the practically nonpolarized C2-H9 bond.
Calculated NBOs having a significant occupancy are presented in Tables S2 and S3 (Supporting Information), for transand cis-3FA, respectively. The description is made in the space of input atomic orbitals [as given by the 6-311++G(d,p) basis set used in the calculations]. These tables also show the percentage ratio (extracted from the NBO polarization coefficients) of the atomic orbitals on each atom forming a bond, for the NBO orbitals. The NBO analysis supports the idea of a greater polarization of the C4-H10 bond compared to the C2-H9 bond extracted from the NBO charges analysis presented above.
Regarding the carbonyl bond in the two conformers, the NBO analysis reveals the following features: (i) the σ(CdO) bonding orbital is, as expected, strongly polarized toward the oxygen atom, the occupancies being nearly equal in the two conformers, (ii) the π(CdO) bonding orbital is even more polarized toward the oxygen atom, but in this case the occupancy is slightly larger in the trans conformer (1.979 e, vs 1.971 e in the cis form), as it could be expected considering the relevance of the CdO/ C4-H10 bond-dipole interaction in the trans isomer; (iii) the σ*(CdO) and π*(CdO) antibonding orbitals are polarized toward the carbon atom, the occupancy of the π*(CdO) antibonding orbitals in both conformers being considerably large (0.123 and 0.117 e, in trans and cis conformers, respectively).
The C5-O1-C2 linkage was also found to present some interesting characteristics. According to the NBO results, the ring oxygen atom is hybridized sp 2 , with the two hybrid orbitals involved in the C5-O1 and C2-O1 bonds exhibiting a strong polarization toward the oxygen atom and having an increased p character. In turn, the third hybrid orbital, which corresponds to a lone-electron pair (lp) orbital, has a reduced p character (see Tables S2 and S3 of the Supporting Information). The second lp orbital exhibits pure p character, which favors the π delocalization within the furan ring. In agreement with the interpretation based on the NBO atomic charges (see Table 1 ), the obtained NBO coefficients show that the polarization of the O1-C2 bond is greater in the case of the cis than in the trans conformer. On the other hand, one can see that the polarization of the O1-C5 bond is greater in the trans conformer.
The most relevant NBO interactions for both isomers are listed in Table 2 and plotted in Figure 3 . Orbital interaction energies, E(2), between filled (donor) and empty (acceptor) NBOs (including non-Lewis extra-valence Rydberg orbitals) are obtained from the second-order perturbation approach, 42 where F ij 2 is the Fock matrix element between the i and j NBO orbitals; ε j and ε i are the energies of the acceptor and donor NBOs; and q i is the occupancy of the donor orbital.
As shown in Table 2 , the most important NBO interactions in both 3FA conformers are of the same type, and their relative importance is also similar. In relation with interactions involving the π-system of the molecule, orbital interactions of types A and C in Table 2 reflect the delocalization over the carbon atoms of the furan ring, those of types D and E, between the lone Table 2 ). Isovalues of the electron densities are equal to 0.02 e. Yellow and violet colors correspond to negative and positive wave function signs. Color codes for atoms: red, O; gray, C; white, H. a See atom numbering in Figure 1 . LP, lone electron pair orbital.
electron pair of the furan oxygen atom and the carbon ring atoms and, finally, that of type B, between the C2-C3 bond of the furan ring and the carbonyl group (see also Figure 3 ). On the whole, these interactions point to a slightly larger importance of the mesomeric structures B and C (see Figure 2 ) in cis than in trans 3FA (sum E(2) resulting from the main π-type orbital interactions in trans and cis are 441.7 and 445.7 kJ mol -1 , respectively). On the other hand, the main σ-type NBO interactions (F and G in Table 2 ) are identically important in both conformers (sum σ-type E(2) is 168.3 kJ mol -1 in both conformers). These interactions correlate with the electronic charge back-donation from the aldehyde oxygen lone electron pairs (specifically the p-type lone pair; LP2) to the C3-C6 bond and, in particular, to the C6-H8 aldehyde bond. This backdonation effect is well-known and has been described long ago as the most important effect leading to the observed elongation of a C-H bond connected to a carbonyl moiety as well as to its reduced C-H stretching frequency (e.g., in aldehydes and formic acid derivatives). [45] [46] [47] The calculated total stabilization energy associated with the main orbital interactions favors the cis conformer by ca. 4 kJ mol -1 over the trans form, implying that, globally, the less important orbital interactions and other type of stabilizing effects not evaluated by the NBO analysis, in particular the abovementioned dipolar interaction between the CdO and C4-H10 bond dipoles in the trans conformer, must account for ca. 8 kJ mol -1 in favor of the trans conformer.
Matrix Isolation Infrared Spectra and Conformational Photoisomerism in 3FA. 3FA has 27 fundamental vibrations, spanning the irreducible representations 19A′ + 8A′′ in both trans and cis conformers. According to the selection rules, all modes are active in the infrared. The B3LYP/6-311++G(d,p) calculated infrared spectra for the two conformers and results of normal coordinate analysis are provided in the Supporting Information (Tables S4-S6 ). Figure 4 shows the infrared spectrum of 3FA isolated in an argon matrix (T ) 12 K; 1800-500 cm -1 frequency range), together with the calculated spectra for trans and cis conformers (in the form of stick spectra), and the simulated theoretical spectrum obtained by adding the calculated spectra of the two conformers weighted by their expected relative populations in gas phase at room temperature (82% trans, 18% cis).
As seen in Figure 4 , the simulated spectrum nicely fits the experimental one. Although calculation of the relative population of the two conformers present in the as-deposited matrix, based on band intensities, yielded a slightly larger trans/cis population ratio (7.3, i.e., 88%:12%) compared to that predicted theoretically (4.6, i.e., 82%:18%), one can say that the two conformers of 3FA could be efficiently trapped in the matrix. These results confirm the adequate description by the calculations of the potential energy surface landscape of the molecule in the gas phase, in particular this is in agreement with the theoretically calculated high energy barrier for conformational isomerization in 3FA (>32 kJ mol -1 ; see previous section). It should be additionally noted that the conformational trans/cis ratio of 88%: 12%, deduced from the present matrix-isolation experiment, corresponds to the equilibrium mixture (at room temperature) of two conformers that have the free energy difference of ca. 5 kJ mol -1 . This estimate is in a good agreement with the calculated infrared spectra of trans and cis conformers weighted by their predicted relative populations in gas phase at room temperature (82% trans; 18% cis); calculated spectra for trans and cis conformers. The simulated spectrum was obtained using Lorentzian functions centered at the calculated wavenumbers (scaled by 0.978) using the full widths at half-maximum-height (fwhm) equal to 2 cm -1 . In the experimental spectrum, bands of monomeric water impurity present in the matrix are indicated by an asterisk. experimental estimate obtained by Marstokk and Møllendal from the analysis of the microwave spectrum of 3FA. 29 Irradiations of the samples carried out using UV light filtered by bandpass filters transmitting at λ > 375, 337, and 283 nm were found not to induce any substantial changes in the observed experimental spectra. However, changes started to occur promptly when the sample was irradiated with λ > 234 nm. These photoinduced changes could be easily interpreted as the trans f cis photoinduced isomerization reaction. The reliability of this interpretation is based on the fact that the bands due to both trans and cis conformers were present in the spectrum of the initially deposited matrix. As a result of irradiation, one group of the bands (due to cis form) increased their intensity, whereas another group (trans) decreased and no new bands appeared (see Figure 5 ). This fact allowed for an easy identification of the bands ascribable to each conformer and strongly facilitated the assignments of the bands in the experimental spectra, which are presented in Table 3 . Figure 6 shows the observed changes in the infrared spectrum of the matrixisolated compound after 60 min of irradiation.
The progress of the changes with time of irradiation is shown in Figure 7 . The figure demonstrates that the observed isomerization kinetics is well fitted by a single exponential decay for both conformers (correlation coefficients of ca. 0.999). The fitted time constants t a for isomerizations of the two conformers are about 13 min and practically equal to each other, considering the accuracy of the fits. The starting amounts of the conformers are equal to 88% (trans) and 12% (cis) and correspond to the equilibrium populations in the gas phase at room temperature. The asymptotic limits, corresponding to the fractional populations of the conformers in the photostationary state, are practically attained as fast as after one hour of irradiation. Such photochemical behavior is very similar to what was recently observed for pyrrole-2-carbaldehyde. 47 The sum of the two asymptotic values 62.2% (trans) and 36.6% (cis) shows that there is practically no loss of 3FA in the process of the photoisomerization induced by UV light with λ > 234 nm. Finally, we shall note that the photostationary state obtained under these conditions is characterized by the trans/cis population ratio of ∼1.85.
To get further details on the mechanism of the photoisomerization, TD-DFT (B3LYP) calculations were carried out. The results of these calculations are summarized in Table 4 and Figure 8 . a Wavenumbers in cm -1 . ν, stretching; δ, bending; γ, rocking; τ, torsion; s, symmetric; as, antisymmetric; n.obs., not observed; n.i., not investigated. See Figure 1 for atom numbering and Table S4 for Analysis of Table 4 shows that, among the excitations accessible when irradiation is performed with λ > 234 nm (5.30 eV), that is, to S 1 and S 2 states, only excitation to S 2 has substantial oscillator strength. Direct S 0 f S 1 excitation has nπ* character, and although it is not strictly forbidden, it should be very ineffective due to the very low value of the oscillator strength. Indeed, as mentioned previously, the irradiation with λ > 283 nm was inefficient in promoting any conformational isomerization process. Since λ ) 283 nm corresponds to ∼4.4 eV, the energy of the corresponding UV excitation is below S 2 , however it is well above S 1 . This is an additional indication that the observed photochemical changes should be promoted by the excitation to S 2 .
The potential energy profiles of the excited states calculated as a function of the aldehyde group rotation (see Figure 8) show that all of S 1 , S 2 , and S 3 states have a minimum at the cis conformation, which is, in those states, more stable than the trans conformation by 6.3, 17.0, and 10.5 kJ mol -1 , respectively. In S 1 , cis and trans conformations correspond to the two minima, which are separated by a high energy barrier (cis f trans: 60.0 kJ mol -1 ; 53.7 kJ mol -1 in the reverse direction). On the other hand, the bright S 2 state shows 3 minima: at the cis, trans, and perpendicular conformations. Refinement of the potential energy S 2 surface around the value of 90°revealed a minimum at ∼97°( 96.73°; 4.7199 eV, global minimum).
The calculated ∆E trans-(∼97°) and ∆E cis-(∼97°) values amount to 19.2 and 2.2 kJ mol -1 , respectively. The trans f (∼97°) barrier is very small, 5.1 kJ mol -1 , whereas that separating the cis form from the ∼97°minimum is much larger: 25.2 kJ mol -1 . The format of the S 2 potential energy profile for rotation of the aldehyde group in 3FA can easily explain the observed change in the conformational population taking place when the matrixisolated compound was irradiated with λ > 234 nm. Indeed, excitation of both conformers with λ > 234 nm provides the excess energy of around 5.3 eV, which is well above all the barriers on the S 2 surface and can be followed by fast internal rotation in the S 2 excited state to the ∼97°minimum. Relaxation of S 2 from the ∼97°minimum can then produce either cis or trans ground state conformers by internal rotation in S 0 . The experimentally observed conformational trans/cis ratio of ∼1.85, characteristic of the photostationary state, provides evidence that the probability of the relaxation of the excited 3FA molecule into the trans ground state conformation is higher. This prevalence of the trans form in the photostationary state can be explained by two factors: (i) the torsional coordinate at the minimum in S 2 equals ∼97°(see Figure 8) , that is, the starting position before relaxation is shifted in the direction of trans conformer; and (ii) the excitation energy of the cis conformer is lower than that of the trans, thus cis should be more easily excited and more quickly consumed. It is also interesting to note that the calculated profile for internal rotation of the aldehyde group in S 3 is similar to that of S 2 . The "perpendicular" S 3 minimum is shifted in the direction of the trans 3FA conformer even further and has the dihedral CdCsCdO angle of ∼100°(100.4°; 5.9086 eV). Thus, conformational isomerization in 3FA should follow a similar pattern also in case of involvement of the S 3 state in the process (in S 3 , the calculated ∆E trans-(∼100°) and ∆E (∼100°)-cis values are 5.6 and 1.0 kJ mol -1 , respectively, and the trans f (∼100°) and cis f (∼100°) barriers are 2.2 and 15.5 kJ mol -1 ). Photolysis of Matrix-Isolated 3FA. Prolonged irradiation of matrix-isolated 3FA with λ > 200 nm light led to decrease of intensities of the infrared bands due to both trans and cis conformers. Simultaneously, new sets of bands emerged, which represent features due to products of photolysis of the compound.
Aromatic aldehydes have been shown to be able to undergo easy photodecarbonylation. [48] [49] [50] [51] [52] [53] Benzaldehyde, p-anisaldehyde, and pyrrol-2-carbaldehyde isolated in argon matrices, for example, were found to decarbonylate, leading to formation of benzene, anisole, and pyrrole. [49] [50] [51] [52] [53] The photochemistry of 2-furaldehyde (2FA) in gas phase is also characterized by the ejection of carbon monoxide, according to two main photoprocesses yielding furane + CO and C 3 H 4 + 2CO, respectively. 48 Evidence has been presented 48 that the latter process proceeds through an excited triplet molecule of furan as an intermediate. The observed C 3 H 4 species resulting from the photolysis of 2FA were propyne, cyclopropene, and propadiene. 48 In the case of unsubstituted furan, a multitude of different photoproducts have been reported, either in the gas phase, liquid compound, or matrix-isolated compound. 48, 54, 55 These include not only CO and the products resulting from decarbonylation (propyne, cyclopropene, and propadiene), but also other products resulting from photoinduced isomerization processes: cyclopropene-3-carbaldehyde, vinylketene, 2,3-butadienal, and the Dewar furan. 54, 56 Very interestingly, singlet furan has been found not to give rise to cyclopropene, whereas triplet sensitized furan produces cyclopropene as one of its main photoproducts. 48 Observation of cyclopropene is then a mark of involvement of triplet states in the photofragmentation of furan.
In the case of 3FA, we were able to identify in the photolyzed matrix the presence of CO, furan, cyclopropene-3-carbaldehyde, cyclopropene, and propadiene, which points to a very similar photochemistry of 3FA and 2FA (among the photoproducts of 2FA reported in ref 48 , only propyne could not be affirmatively observed in the present study, although its production as a minor product or its initial photoproduction followed by fast isomerization to any other of the C 3 H 4 observed species could not be excluded as well). Observation of cyclopropene, in particular, points to the involvement of a triplet state in the photolysis mechanism. Noteworthy is also the observation of the cyclopropene-3-carbaldehyde intermediate, which was also postulated to be involved in the photochemistry of 2FA. 48 The observed bands of the 3FA photoproducts are collected in Table S7 . The assignments were made taking into account literature data for these species isolated in argon matrices 54, [57] [58] [59] [60] and also results of calculations made in the present study at the B3LYP/6- Figure 9 ). The characteristic absorptions due to CO are observed in the 2120-2140 cm -1 range: the most intense band at 2138 cm -1 corresponds to weakly interacting or well-isolated monomeric CO, whereas the lower intensity bands indicate that part of the CO molecules did not diffuse from the original cage where they were formed and interact with other species resulting from fragmentation of 3FA. Figure 10 summarizes the observed photoinduced processes. According to the proposed scheme, the photolysis mechanism in 3FA closely follows that previously proposed for 2FA. 48 The excitation energy used (λ > 200 nm) allows for efficient excitation of both S 2 and S 3 states (as already mentioned, the oscillator strength of S 1 is very small; Table 4 ). However, these two states clearly show different reactivity. In fact, the experimental results indicate that intersystem crossing from S 2 to the triplet manifold must be quite inefficient, since excitation at λ > 234 nm (S 2 ) led only (or practically only) to conformational isomerization, until the photostationary state associated with this process was achieved, and this takes place in the singlet manifold. On the other hand, irradiation with λ > 200 nm (both S 2 and S 3 ) led to photolysis, which involves the triplet state of the compound. Hence, it implies that the intersystem crossing from S 3 is quite effective. Indeed, the TD-DFT calculations predicted existence of 6 triplet states at energies below or about that of S 3 ; see Table 4 . Once the triplet 3FA molecules are formed, the molecule decarbonylates forming triplet furan, which can either relax to the ground state or undergo subsequent decarbonylation reactions to form propadiene or cyclopropene. According to the previous studies, 48, [54] [55] [56] cyclopropene-3-carbaldehyde should be an intermediate in these latter processes and, in the present study, it was indeed observed experimentally.
Conclusions
The photorotamerization and photodecomposition of matrixisolated 3-furaldehyde (3FA) was studied using FTIR spectroscopy and quantum chemical methods. The trans conformer of the molecule was calculated to be the most stable form in the ground electronic state, being more stable than the cis conformer by ca. 4 kJ mol -1 . The relative stability of the two conformers was explained using the NBO method. The barrier to conformational isomerization in S 0 was calculated as being ca. 34 kJ mol -1 (trans-to-cis). In fair agreement with their calculated relative energies and the high barrier of rotamerization, the trans and cis conformers were trapped in an argon matrix from the compound room temperature gas phase in the proportion ∼7:1. The IR spectrum of each conformer was extracted from the experimentally observed spectrum and fully assigned with help of the theoretically calculated spectra. Broad-band UV-irradiation (λ > 234 nm) of the matrixisolated compound resulted in partial trans f cis isomerization, which ended at a photostationary state with the trans/cis ratio being ∼1.85:1. This result was interpreted based on results of time-dependent DFT (B3LYP)/6-311++G(d,p) calculations. In particular, it was shown that the bright state corresponds to S 2 , which exhibits 3 minima (at cis, trans, and ∼97°geometries of the aldehyde group). Relaxation of the S 2 state from the ∼97°m inimum can then produce either cis or trans ground state conformers by internal rotation in S 0 , leading to the photostationary state where the population is shifted in favor of the trans conformer when the matrix isolated compound was irradiated with λ > 234 nm.
Irradiation at higher energies (λ > 200 nm; S 2 and S 3 ) of the matrix-isolated 3FA led to decarbonylation of the compound, yielding furan, cyclopropene-3-carbaldehyde and two C 3 H 4 isomers (cyclopropene and propadiene), in a process that seems to be very similar to that reported previously for the analogous compound 2FA. 48 In particular, observation of cyclopropene as one of the main products of photolysis indicates that this involves triplet furan as intermediate. Table S1 , with DFT-(B3LYP)/6-311++G(d,p) optimized geometries for trans and cis conformers of 3FA; Tables S2 and S3, with NBOs for trans and cis conformers of 3FA, respectively; Table S4 , with definition of internal coordinates used in the normal-mode analysis calculations; Tables S5 and S6 , with results of normalmode analysis for trans and cis conformers of 3FA, respectively; Table S7 , with assignments of bands due to the observed photoproducts of 3FA. This material is available free of charge via Internet at http://pubs.acs.org. 
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